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Nanosized materials have found promising technological applications in many different areas, such as microelectronic devices, 2 photocatalysis, 3 electrocatalysis, 4 biomedical applications 5 and chemical processes. 6 Nanoparticle architectures on electrode supports attract substantial research efforts directed to the development of bioelectrochemistry. [7] [8] [9] [10] Metal-nanoparticle arrays reveal unique photonic, 11 electronic, 12 and nonlinear optical 13 properties. These unique properties of nanoparticles were used to develop DNA-sensing systems 14 or assemblies with switchable conductivity. 15 The development of DNA-sensor devices has continued to attract considerable attention in connection with gene analysis, detection of genetic disorders, tissue matching and forensic application. [16] [17] [18] [19] The DNA-modified electrode mainly used as an electrochemical DNA biosensor for gene detection 20, 21 over the last decade has more advantages than the conventional labeling probe technique. Due to its potential application to molecular recognition, this electrode will be of practical value in both molecular biology and modern biomedical engineering. A controlled potential adsorption method was adopted by Wang et al. 22 to anchor DNA to carbon paste electrodes. Herme and Tarlov 23 synthesized DNA fragments modified with a mercapto group by the use of a DNA synthesizer and then immobilized DNA onto gold electrode surfaces through self-assembly of the mercapto-modified DNA.
In this report, novel nanoparticle arrays were assembled, in which DNA was used for the biosensor film assembling.
Atomic force microscopy (AFM) and X-ray photoelectric spectroscopy (XPS) have been employed to characterize the surfaces of the electrode. The electrode showed good catalytic activity to uric acid, norepinephrine and ascorbic acid. The presence of ascorbic acid in high concentration did not interfere with the determination of uric acid or norepinephrine.
Experimental

Reagents and instruments
Calf thymus DNA (ct-DNA) was purchased from SinoAmerican Biotechnology Company.
Uric acid (UA), norepinephrine (NE) and ascorbic acid (AA) were obtained from Sigma and Chemical Reagent Company of Shanghai, respectively. They were used as received without further purification. All other chemicals were of analytical grade. Solutions of ct-DNA, UA, NE and AA were freshly prepared in 0.1 M phosphate buffer solution (PBS, pH 7.0). To mimic biological environments, pH 7.0 PBS was used for the study. All solutions were prepared using doubly distilled water. High purity N2 was used for removal of oxygen from the solution.
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were carried out on a CHI-660A electrochemistry workstation (CHI, USA). All electrochemical experiments employed a three-electrode cell with a glass carbon electrode (GCE) (φ = 4 mm) as a working electrode, a platinum wire auxiliary electrode and a saturated calomel electrode (SCE) as reference electrode. Experiments were carried out at 20 ± 1˚C. High purity nitrogen was used for solution deaeration and for keeping a nitrogen atmosphere in the cell during each experiment.
AFM images were taken in air in the noncontact mode and were examined at least in three different sites in given samples. AFM images were obtained by using SPA300HV (Japan). XPS (X-ray photoelectron spectroscopy) was obtained by using an ESCALAB MK2 spectrometer (VG, UK) with a Ma K-alpha Xray radiation as the source for excitation. The temperature was controlled at 20 ± 0.1˚C.
Preparation of Au colloids
Au colloids were prepared according to the literature. 24, 25 Typically, 1 ml of 1% HAuClO4 was added to 90 ml of water at room temperature. After 1 min of stirring, 2 ml of 38.8 mM sodium citrate was added. Subsequently, 1 ml of freshly prepared 0.075% NaB4H was added and the colloidal solution was stirred for another 5 -10 min and finally stored in a dark bottle at 4˚C.
Preparation of modified GCE
A glass carbon electrode (GCE, φ = 4 mm) was polished repeatedly with 1.0, 0.3, 0.05 µm alumina slurries, followed by successive sonication in acetone and doubly distilled water for 5 min. Then, the electrode was immersed in the Au colloidal solution for accumulation of gold nanoparticles (NG) at +1.5 V for 60 min. After cleaning, the gold nanoparticles modified electrode was obtained, which is denoted by NG/GCE.
Then NG/GCE was immersed into the 0.1 mg/ml DNA solution for accumulation of DNA for 30 min at +1.5 V for DNA deposition. The DNA-modified NG/GCE was denoted by DNA/NG/GCE. For comparison without the gold nanoparticle formation, GCE was immersed in the 0.1 mg/ml DNA solution for accumulation of DNA for 30 min at +1.5 V (DNA-modified GCE was described as DNA/GCE). Figure 1 shows the AFM image of the electrode. The topography of DNA on the GCE is relatively smooth, with a height variation of about 10 nm (Fig. 1a) . The image of the prepared DNA/NG/GCE surface is shown in Fig. 1b . The image provides a direct verification of DNA deposited on the NG/GCE.
Results and Discussion
AFM and XPS characterization of the surface of the modified electrode
The average diameter of the deposited gold nanoparticles is about 70 nm.
XPS spectra of DNA/NG/GCE are presented in Fig. 2 . The Au, N, and P peaks are observed, indicating the presence of these elements. N:P ratio of 3.8:1 is very well in agreement with the theoretical value of 3.7:1 for the ct-DNA of (G+C):(A+T) = 39:61.
AC impedance studies
The complex impedance can be presented as the sum of the real, Zre, and imaginary, Zin, components that originate mainly from the resistance and capacitance of the cell, respectively. Fig. 3(c) that the bare GCE exhibited an almost straight line that was characteristic of a diffusional limiting step of the electrochemical process. [26] [27] [28] The charge transfer resistance (RCT) values were determined directly from the diameters of the high frequency semicircle, and membrane capacitance (Cm) values were determined directly from the slopes of the low frequency straight line. With respect to the modified electrodes, an apparent difference in the impedance spectra was observed. The diameter of the high frequency semicircle of DNA/NG/GCE (b) is reduced to about half of that for DNA/GCE (a), while the slope of the low frequency straight line of DNA/NG/GCE (b) is bigger than the DNA/GCE (a). We concluded that gold nanoparticles cause the DNA membrane capacitance to increase and the membrane resistance to decrease.
Eletrocatalytic oxidation of UA
Cyclic voltammograms of UA at bare GCE, DNA/GCE and DNA/NG/GCE are shown for comparison in Fig. 4 . UA gives a broad and small CV peak response at 0.4 V at bare GCE, while the DNA/GCE leads to a sharp anodic peak at about 0.28 V with a greatly increased peak current, while the DNA/NG/GCE leads to a sharper anodic peak at about 0.31 V with a greatly increased peak current than DNA/GCE. In contrast, at the DNA/GCE the oxidation current increased greatly and the potential shifted negatively to about 0.12 V, while at the DNA/NG/GCE the oxidation current increased to a greater value than that for DNA/GCE. The obviously enhanced current responses and the decreases in the anodic overpotentials for UA showed the strong catalytic function of DNA-modified GCE to the oxidation of UA. The reduction of overpotentials indicates that a substantial increase in the electron transfer rate from UA was achieved.
When UA and AA coexisted in a sample, a rather broad anodic peak was obtained at 0.24 V resolved by DPV, as seen in Fig. 5a at bare GCE, on which neither peak potential nor peak current for UA and AA can be distinguished for analytical use. At the DNA/NG/GCE, the presence of the DNA and gold nanoparticle modified layer at the surface of GCE helps to resolve the mixed DPV responses into two well-defined peaks at potentials of 0.26 V and -0.08 V, corresponding to the oxidation of UA and AA, respectively (Fig. 5b) . The separation between the two peak potentials was about 340 mV, which was large enough for the simultaneous determination of UA and AA in the mixture. When UA, NE and AA coexisted in a sample, the DNA/NG/GCE can separate them very well (Fig. 6) .
Two reasons may be considered for the separation of UA and AA oxidation peaks at the DNA/NG/GCE. First, the apparent overpotential of AA oxidation decreases sharply at the GCE, resulting in a significantly negative shift of the anodic current peak. Secondly, due to the improvement of the electrode kinetics, the UA and AA oxidation peaks are significantly less broad.
Conclusions
The present work revealed the fact that DNA deposited on nano-sized Au shows a surprisingly high electrocatalytic activity. The electrode of layer-by-layer deposited multilayer films containing DNA and gold nanoparticle successfully distinguishes the voltammetric signal of AA, NE and UA, which are indistinguishable at the bare GCE. This electrode shows good sensitivity, reproducibility, and stability.
